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In this paper, the fourth one of our series on the dielectric spectrum symmetrical broadening of
water, we consider amino acid (AA) aqueous solutions. The developed 3D-trajectory is applied here
to the variety of zwitterion amino acids representing both the hydrophobic and hydrophilic nature of
their residues. The dipole moment of amino acids due to their zwitterion determines their interaction
with the solvent and reflects mostly the dipole-matrix interactions described in our Paper I [E. Levy
et al., J. Chem. Phys. 136, 114502 (2012)]. It is also shown that in the case of charged AAs at high
concentrations, the shape of the 3D trajectory transforms to the pattern typical of the dipole-charge
interactions that were described in our Paper III [A. Puzenko et al., J. Chem. Phys. 137, 194502
(2012)]. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869542]
I. INTRODUCTION
Amino acids (AAs) are important organic molecules
since they play a very significant role in living systems. They
are the main components of proteins and as such, determine
their variety in properties and functions. The typical structure
of AAs, presented in Fig. 1, consists of an amine (−NH2)
and a carboxylic acid (−COOH) functional group and a side-
chain group (R) that is specific for each amino acid.1 AAs are
classified according to the side-chain group properties that are
described as charged and polar (hydrophilic), non-polar (hy-
drophobic), and as a special case (i.e., absent side group or
secondary amine group). At neutral pH, the AAs in aqueous
solution are represented as zwitterions due to a positive charge
at the amine group, a negative charge at the carboxylic group
and a positive or negative charge on the side-chain group (for
charged AAs). The majority of AAs (15 of 20) are not charged
at any pH, but some of them have a side-chain group that is
polar, i.e., it possesses a distribution of partial charges due
to different electro-negativities of the atoms. The isoelectric
point (pI) for non-charged AAs is usually about 5.5–6 and
significantly varies for charged ones: two AAs have an acidic
pI ∼3, two AAs have a basic pI∼10–11, and one amino acid
(His) has a pI at a neutral pH (i.e., 7.5). The polar nature of
amino acids determines their behavior in aqueous solutions
and allows studying their dynamics and structure using broad-
band dielectric spectroscopy.2–16
Two processes have been recorded in these solutions in
a frequency range from hundreds of Megahertz to tens of
Gigahertz that were confirmed by a recent systematic study
(see Fig. 2).17 The low frequency process is assigned to the ro-
a)Author to whom correspondence should be addressed. Electronic mail:
yurif@mail.huji.ac.il
tation of the AA molecule in solution and the high frequency
process is ascribed to the main dielectric relaxation of the sol-
vent, respectively. The latter reveals the broadening of the wa-
ter peak described by the phenomenological Cole-Cole5 (CC)
spectral function,17 in agreement with our initial hypothesis
that whenever water interacts with another dipolar or charged
entity, a broadening of the dielectric relaxation peak occurs.17
Following our phenomenological approach (see Appendix A
and Papers I–III),20–22 it is natural to speculate about a phys-
ical concept underlying the CC broadening in AA aqueous
solutions. The chosen research approach, based on the use of
3D trajectories constructed from all the parameters of the CC
spectra, was used previously to describe the state of water in-
teracting in non-ionic,20 ionic,21 and nucleotide solutions.22 In
this paper, aqueous solutions of six AAs will be analyzed in
terms of water–matrix interactions. The amino acids consid-
ered in this work represent typical types of the whole family
of AA residues (non-polar, polar and charged). The 3D trajec-
tory approach is applied in this case to calculate the dynamic
and structural characteristics of the solvent.
II. RESULTS AND DISCUSSION
The dielectric spectra for different concentrations of six
AA aqueous solutions are measured at 22 ◦C in a wide fre-
quency band 0.2–35 GHz.17 Using Datama,23 a program de-
signed in-house, the full experimental spectra were fitted
based on the sum of the Havriliak-Negami (HN)24 and CC18
functions (the routine was applied for both real and imaginary
parts of the complex dielectric permittivity simultaneously):
ε∗(ω) = ε∞ + ε1[1 + (iωτ1)α1 ]β1 +
ε2
1 + (iωτ2)α2 , (1)
0021-9606/2014/140(13)/135104/6/$30.00 © 2014 AIP Publishing LLC140, 135104-1
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FIG. 1. Typical structure of an AA, where R is a side chain group.
where i2 = −1, ω = 2πν, εsk and ε∞k (k = 1, 2) are the extrap-
olated low- and high-frequency permittivity, respectively, εk
= εsk − ε∞k is the dielectric strength, and τ k is the relax-
ation time. β1 is the asymmetry parameter for the first process
(0 < β1 ≤ 1) and αk (0 < αk ≤ 1) indicates the peak broad-
ening. Note that for the charged AAs Arginine and Lysine, a
conductivity term −iσ /ωε0 was added to the fitting function
Eq. (1) (ε0 = 8.85 × 10−12 F/m). The typical fitting parame-
ters for one of AA solution at different concentrations is pre-
sented in Table I in Appendix B. Below we will focus only on
the high frequency CC process, omitting the index “2”.
Following the protocol of Papers I–III of the series20–22
and using the CC parameters obtained from the fitting rou-
tine, the 3D trajectories for 3 main types of AAs (non-polar,
polar, and charged) are plotted in Fig. 3. We also present here
the 3D trajectory for the special amino acid, Proline. It is
unique among the 20 protein-forming amino acids in that, un-
like all the others, the amine nitrogen is bound to the amino
group, leading to the formation of a pyrolidine ring with the
R-carbon.1 The specific 3D space is defined by the rectan-
gular coordinates X = lnB, Y = lnτ , and Z = α, where B is
Froehlich’s function25 at the temperature T:
B = ε2εs + ε∞
3εs
T . (2)
It is clear that the 3D trajectories depict the specificity of the
AA molecular structure and the type of interaction with the
FIG. 2. Real ε′(ν) and imaginary ε′′(ν) parts of the complex permittivity of
aqueous solutions of Alanine at different concentrations at 22 ◦C. Data for
bulk water are also shown (dash line).17
solvent. However, the understanding of the kinetics, struc-
ture, and hydration process in solutions can be expanded by
considering various 2D projections. A detailed analysis of the
different dependences of α upon the variable x = lnτ shows
that all of them can be summarized by one universal function,
Eq. (A4):
α = A + G
x − x0 . (3)
Equation (3) describes four hyperbolic curves bounded by two
asymptotes (see Appendix A). At low concentrations of the
amino acid, α(lnτ ) dependences are located in the first quad-
rant (τ > τ c; α > A) (see Figs. 3 and 4) for all AAs and depict
the dipole nature of solute molecules.20, 22 However, at high
concentrations the charged amino acid Arginine demonstrates
dipole–charge interactions corresponding to the second quad-
rant: (τ < τ c; α > A) (see Fig. 4(b)). Note that the charged
amino acid Lysine, even at high concentrations, does not make
this transition due to the high isoelectric point. Applying the
fitting function (3) to the experimental pattern α(lnτ ) and sub-
stituting the fitting parameters A, G, and x0 into the model
Eqs. (A2) and (A4)
Nτ = N0τ
(
τ
τc
)A
, N0τ = exp(G), τc = exp(x0), (4)
we can calculate the following parameters: cutoff relaxation
time τ c; the number, N0τ , of the elementary relaxation acts
during this time, and Nτ , the number of the relaxation acts
during the experimental relaxation time τ . Unlike the case
of monosaccharide aqueous solutions,20 the cutoff relaxation
time τ c is much longer than 1 ps (reorientation time of a sin-
gle water molecule in the bulk) and is close to the relaxation
time of the bulk solvent at the same temperature (∼8.9 ps at
22 ◦C). Moreover, the AAs present a value of N0τ = 1, simi-
lar to that of nucleotides,22 which indicates only one minimal
cooperative relaxation event during around 8–9 ps. The only
exclusion to this is the special amino acid Proline that was
mentioned above, which has quite an unusual zwitterion form
(τ c ∼ 5.8 ps).
In order to evaluate information about the structure of
the solution from 3D trajectories, Froehlich’s function B from
Eq. (2) can be presented in terms of the fluctuating macro-
scopic dipole moment M:
B = 1
3ε0kV
〈M2〉. (5)
Here k is the Boltzmann constant, T is the absolute temper-
ature, V is a volume with N microscopic cells that contains
some dipoles (charges), M = ∑Ni=1 mi , where mi is the av-
erage dipole moment of the ith cell, and the brackets 〈. . . 〉
indicate a statistical averaging over all possible cell config-
urations. The description of the cell dipole moments and an
additional assumptions used in the averaging value 〈M2〉 are
presented in Appendix C.
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FIG. 3. 3D trajectories of CC relaxation processes of 4 AA aqueous solutions at 22 ◦C driven by solution concentration: (a) Alanine, (b) Proline, (c) Threonine,
and (d) Arginine.
By substitution of Eq. (C11) into Froehlich’s function (5),
we get
B = 1
3ε0kV
{
Nwμ
2
wgw + 2Naaμw〈Ma〉Nwn〈cosθwn〉
+Naa〈Ma〉2
}
. (6)
It is more convenient to normalize both sides of Eq. (6)
using the Froehlich function B(0) for the bulk water at zero
concentration of the solute:22
B(0) = Nw(0)μ
2
wgw
3ε0kV
, Nw(0) = Nw|bulk water . (7)
We then obtain
B
B (0) =
Nw
Nw (0)
+ 2 Naa
Nw (0)
〈Ma〉
μwgw
Nwn〈cosθwn〉
+ Naa
Nw (0)
〈Ma〉2
μ2wgw
. (8)
Let us consider an effective water cluster that we presented
earlier20–22 (Ncl is equal to the effective number of the water
molecules perturbed by one AA molecule). This number can
be estimated from Eq. (8) as follows:
Ncl =
∣∣∣∣
[
B
B (0) −
Nw
Nw (0)
]
Nw (0) gw
Naa
∣∣∣∣ , (9)
FIG. 4. The α(ln τ ) dependences for AA aqueous solutions at 22 ◦C. Solid lines are the fitting curves using Eq. (3).
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FIG. 5. The concentration dependence of the effective number of water
molecules Ncl perturbed by one AA molecule at 22 ◦C.
where
Ncl =Nd |F | , Nd = 〈M
a〉2
μ2w
, F = 1 + 2 μw〈Ma〉Nwn〈cosθwn〉.
(10)
Here Ncl is the multiplication of the two unknown func-
tions Nd and F. Although these functions cannot be deter-
mined from the same equation, each of them has a clear
physical meaning. The value Nd is the number of non-
correlated water dipoles, by which the average dipole moment
of amino acid hydration shell can be constructed. At the same
time, function F describes the interaction of the bulk water
molecules with the hydration shell. Note that as discussed
earlier,22 F contains 〈cosθwn〉 and can be negative and for this
reason we use the absolute value of the F factor in Eq. (10).
The numbers of water molecules associated with one amino
acid are presented in Fig. 5, where the weak concentration
and structural dependence of Ncl for all AAs except Proline is
observed.
The large amount of water molecules interacted with Pro-
line could be probably explained by the specific structure
of the amino acid residue. Moreover, the data presented in
Fig. 5 show that the Ncl for most of the amino acids exceeds
the effective hydration number per one amino acid obtained
in a recent study.17 There, the number of “frozen” (i.e., irro-
tationally bound) water molecules by a solute molecule was
evaluated and found to be in agreement with the spread of
the hydrodynamic radius of the amino acid rotational diffu-
sion. Thus, the concept of a dipole-matrix interaction asso-
ciated with a CC relaxation process, together with the pro-
posed 3D trajectories, allowed to evaluate the dynamic char-
acter and the effective number of water molecules perturbed
by one AA molecule in only the high frequency CC process
related to the main relaxation peak of the solvent. These find-
ings confirm our early results obtained for variable matrices
(solvent) that have different chemical and electric properties
(monosacharides,20 ions,21 and nucleotides22).
III. CONCLUSIONS
In this contribution, we have applied the dipole-matrix in-
teraction approach to the aqueous solutions of 6 amino acids.
Due to their zwitterion nature, the CC broadening of the di-
electric peak of the solvent is similar to that of the aqueous
solutions of nucleotides. However, in contrast to AMP/ATP
solutions, the role of charges in the case of AAs is weak and
its influence is observed only in the case of the Arginine so-
lution. The consideration of the structural events in terms of
the B function allowed us to calculate the number Ncl of water
dipoles perturbed by one amino acid molecule. These results
have made it possible to unravel the mechanisms governing
the role of water in protein hydration.
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APPENDIX A: THE MODEL OF α(lnτ ) DEPENDENCE
The phenomenological CC18 spectral function can be
represented by a frequency dependent complex dielectric per-
mittivity ε∗(ω):26
ε∗ (ω) = ε∞ + ε1 + (iωτ )α . (A1)
It has been found experimentally that the parameters α, τ ,
and ε are strictly dependent on temperature, sample struc-
ture, composition, pressure, and other physical quantities.27
The fractional Fokker-Planck equation, coupled with the
memory function in the Mori-Zwanzig projection formalism
has been found to be a very effective mathematical tool for
understanding the fractal nature and cooperative behavior of
the underlying CC relaxation process.28–33 It was shown that
the broadening parameter α, which is controlled by macro-
scopic physical quantities, reflects the rate of interactions of
the dipole relaxation units with their surroundings:
α = lnNτ
ln(τ/τc)
. (A2)
In the dimensionless time interval ξ = τ /τ c, this rate leads to
the average number of discrete interactions Nτ , which can be
described by following recursive fractal:19–22
Nτ = N0τ
(
τ
τc
)A
, (A3)
where the mass fractal dimension A adopts values in the range
0 < A ≤ 1 and τ c is a cutoff time that defines the time scaling.
According to (A3), Nτ = N0τ if ξ = 1, i.e., factor N0τ is de-
fined as an average number of elementary relaxation acts hap-
pening during the period τ c. All experimental dependences
of α versus the variable x = lnτ can be summarized in one
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function as follows:19
α = A + G
x − x0 , (A4)
where x0 = lnτ c and the parameters of function Eq. (A4) are
connected to the fractal model Eq. (A3) by the relationships:
N0τ = exp (G) , τc = exp (x0) . (A5)
The constant A, representing the asymptotic value of the
parameter α divides the plane of parameters α, x along the
α—axis into two half-planes: α > A and α < A. Parameter x0
refers to the asymptotic value of x that divides the whole plane
α, x along the x-axis into two half-planes: x > x0 and x < x0
(i.e., correspondingly τ > τ c and τ < τ c) (see Fig. 6). Thus,
Eq. (A4) describes the four hyperbolic curves bounded by two
asymptotes (see Fig. 6). Water in complex system represents
the dipole subsystem,19, 27 while others components may be
defined as a matrix.
FIG. 6. The four hyperbolic branches of the function defined by Eq. (A4).
Reprinted with permission from A. Puzenko, P. Ben Ishai, and Yu. Feldman,
Phys. Rev. Lett. 105, 037601 (2010). Copyright 2010 by the American Phys-
ical Society.
APPENDIX B: THE FITTING PARAMETERS OF THE AA SOLUTIONS
TABLE I. The typical dielectric relaxation parameters for Alanine solution at t various concentrations and 22 ◦C.a
Alanine
c, mol/L ε1 ± 1% τ 1, ps ± 2% α1 ± 0.5% β ± 0.5% ε2 ± 1% τ 2, ps ± 2% α2 ± 0.5%
0.195 6.58 47.5 0.944 1 72.5 8.42 0.979
0.391 13.2 52.9 1 0.990 70.2 8.44 0.975
0.579 20.0 54.0 1 1 68.0 8.49 0.969
0.791 26.9 59.2 1 1 65.8 8.55 0.964
1.165 40.3 68.7 0.997 0.946 61.1 8.68 0.960
1.526 54.4 75.9 0.986 0.965 56.8 8.84 0.957
aNote that following the protocol of Paper II,21 we fixed ε∞ = ε∞2 = 4.24 (we set ε∞1 = 0).
APPENDIX C: EVALUATION OF 〈M2〉
The random realization of the macroscopic dipole mo-
ment M of the solution volume V can be represented as
follows:
M =
∑ ˜Nw
i=1 μwi +
∑Naa
l=1 M
a
l . (C1)
Here μwi is the dipole moment of the ith water molecule
in the liquid state (|μwi | = 3.84 D),25, 34 Naa is the number
of the AA molecules in the volume V, Mal is the total dipole
moment of the AA molecule together with the hydrated shell
(hydrated shell-amino acid complex), ˜Nw is the number of
water molecules in the same volume V except those within all
hydration shells. The mean square of the dipole moment is
〈M2〉 = S11 + 2S12 + S22. (C2)
The term S11 takes into account the interactions between the
water dipoles and can be expressed via the Kirkwood correla-
tion factor gw:21
S11 =
∑ ˜Nw
i=1
∑ ˜Nw
k=1〈μwiμwk〉 = ˜Nwμ
2
wgw. (C3)
The interaction of bulk water molecules with the hy-
drated shells is described by the second term of Eq. (C2)
S12 =
∑ ˜Nw
i=1
∑Naa
j=1
〈
μwi Maj
〉
. (C4)
Note that for dilute solutions, condition Naa/ ˜Nw 
 1 is
valid and under the assumption that
∣∣Maj ∣∣ is the same for any
complex, i.e., ∣∣Maj ∣∣ ∼= Ma. (C5)
The double sum (C2) can be represented as follows:
S12 ∼= NaaNwnμw〈Macosθwn〉, (C6)
where the Nwn is the number of the closest to hydrated shell
water molecules and θwn is the angle between the dipole
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moment of the closest bulk water molecules and the dipole
moment of the water-acid complex.
Due to the diluted solution in the term S22, we can ne-
glect the interaction between complexes and also assume that
〈(Mai )2〉 is independent of i:
S22 =
∑Naa
i=1
∑Naa
j=1
〈
Mai M
a
j
〉 ∼= ∑Naa
i=1
〈 (
Mai
)2 〉
∼= Naa〈(Ma)2〉. (C7)
For further simplification, we assume that the fluctuations
δMa of Ma are small:
Ma = 〈Ma〉 + δMa, 〈(δ M
a)2〉
〈Ma2〉 
 1, (C8)
i.e.,
〈(Ma)2〉 ∼= (〈Ma〉)2. (C9)
Taking into account (C8), we obtain
〈Macosθwn〉 ∼= 〈Ma〉〈cosθwn〉. (C10)
For the dilute solutions, the number ˜Nw in Eq. (C3) can
be replaced by the total number of the water molecules Nw
in the volume V and finally, the mean square of the dipole
moment can be written as follows:
〈M2〉=Nwμ2wgw+2Naaμw〈Ma〉Nwn〈cosθwn〉+Naa〈Ma〉2.
(C11)
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